Genetic host factors play a substantial role in susceptibility to and severity of malaria, which continues to cause at least one million deaths per year. Recently, members of the toll-like receptor (TLR) family have been shown to be involved in recognition of the etiologic organism Plasmodium falciparum: The glycosylphosphatidylinositol anchor induces signaling in host cells via TLR-2 and -4, whereas hemozoin-induced immune activation involves TLR-9. Binding of microbial ligands to the respective TLRs triggers the release of proinflammatory cytokines via the TLR͞IL-1 receptor (TIR) domain and may contribute to the host response in malaria, including cytokine induction and fever. In a case-control study among 870 Ghanaian children, we examined the influence of TLR-2, -4, and -9 polymorphisms in susceptibility to severe malaria. TLR-2 variants common in Caucasians and Asians were completely absent. However, we found a rare previously undescribed mutation (Leu658Pro), which impairs signaling via TLR-2. We failed to detect any polymorphisms within the TLR-9 Toll͞IL-1 receptor domain. Two frequent TLR-9 promoter polymorphisms did not show a clear association with malaria severity. In contrast, the TLR-4-Asp299Gly variant occurred at a high rate of 17.6% in healthy controls and was even more frequent in severe malaria patients (24.1%, P < 0.05). Likewise, TLR-4-Thr399Ile was seen in 2.4% of healthy children and in 6.2% of patients (P ‫؍‬ 0.02). TLR-4-Asp299Gly and TLR-4-Thr399Ile conferred 1.5-and 2.6-fold increased risks of severe malaria, respectively. These findings suggest TLR4-mediated responses to malaria in vivo and TLR-4 polymorphisms to be associated with disease manifestation.
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single-nucleotide polymorphisms ͉ innate immunity ͉ Plasmodium falciparum P lasmodium falciparum malaria affects 300-500 million people annually, but only a minority of patients (1-2%) proceeds to severe and complicated disease (1) . Still, one to three million deaths occur per year, most of them among young children in sub-Saharan Africa. Why some children and other nonimmune hosts die while others remain asymptomatic or develop an uncomplicated illness is far from being understood (2) . Acquired immunity has been investigated to some extent, but little is known about the role of innate immunity in malaria. In mice, the P. falciparum glycosylphosphatidylinositol (GPI) toxin induces severe malaria symptoms, which can be prevented by a preceding vaccination with GPI (3). In vitro, plasmodial GPI induces the expression of adhesion molecules (intercellular cell adhesion molecule, vascular cell adhesion molecule, E-selectin), proinflammatory cytokines (IL-1, TNF-␣), and nitric oxide (4) (5) (6) . Current evidence shows that innate immune recognition of Plasmodium and subsequent release of cytokines and inflammatory mediators are important for parasite clearance but may also contribute to disease severity (2) .
Within the last years, the family of toll-like receptors (TLRs) has been identified as key host molecules in the induction of innate immune responses to microbial ligands (7, 8) . TLR-2 (in synergy with TLR-1 and -6) and TLR-4 react to bacterial cell wall compounds (9, 10) . TLR-2 is activated by a variety of ligands, such as bacterial lipopeptides, as well as fungal and mycobacterial components (reviewed in ref. 11) , and TLR-4 is activated not only by bacterial lipopolysaccharide but apparently also by other ligands, such as viral proteins (12) (13) (14) . In addition, both TLR-2 and -4 may respond to intrinsic mediators, such as heat-shock proteins, and may be involved in inflammatory or stress hormone reactions (11, (15) (16) (17) . Regarding protozoa, TLR-2 has first been shown to recognize GPI of Trypanosoma cruzi (18) . Very recently, P. falciparum GPI was reported to induce signaling via both TLR-2 and -4 and hemozoin-induced immune activation was reported to involve TLR-9 (19) (20) (21) .
Frequent single-nucleotide polymorphisms (SNPs) have been described for TLR-2, -4, and -9, altering susceptibility to infectious and inflammatory diseases (reviewed in ref. 22) . A TLR-2 SNP Arg753Gln within the intracellular Toll͞IL-1 receptor (TIR) domain impairs TLR-2 function (23). This SNP is seen in 9-10% of Caucasians (23, 24) and has been associated with tuberculosis and asthma (25, 26) . Another TLR-2 SNP (Arg677Trp) has been described to increase the risk of lepromatous leprosy (27) and tuberculosis (28) , respectively. For TLR-4, two frequently cosegregating polymorphisms (Asp299Gly͞Thr399Ile) were observed to reduce reactivity to inhaled lipopolysaccharide (29) , although findings are partly conf licting (22, 30) . Individuals exhibiting Asp299Gly and Thr399Ile SNPs are at increased risk of septic shock (31) and Gram-negative infection (32), respectively. Moreover, other rare TLR-4 mutations have been reported to increase susceptibility to meningococcal meningitis (33, 34) . Last, two common TLR9 promoter polymorphisms (T-1237C and T-1486C), assumed to influence transcription regulation, have been described in African Americans, one of them (T-1237C) being potentially associated with asthma (35) and Crohn's disease (36) .
Here, we hypothesized that modified recognition or signaling via variants of TLR-2, -4, and -9 could influence susceptibility to and manifestation of malaria. We thus examined known and frequent TLR SNPs leading to a change of function in a case-control study among 290 children with severe malaria and age-and sex-matched control groups of asymptomatic P. falciparum-infected children and healthy children in northern Ghana. These children were screened for known TLR SNPs, and we looked for novel TLR-2 and -9 mutations. We report that TLR-4-Asp299Gly is extraordinarily frequent in this African population and mostly not linked with Thr399Ile. Importantly, children exhibiting these TLR-4 variants have a significantly increased risk of severe malaria.
Materials and Methods
Patients. The present study was conducted between August and November, 2002, i.e., during the rainy season, in Tamale and its vicinity, Northern Region, Ghana. Tamale is the regional capital of Ϸ350,000 inhabitants but of rural character. Malaria is hyperendemic, and transmission occurs perennially. Tamale Teaching Hospital serves as the region's reference center. For this casecontrol study, 290 children with severe malaria according to the World Health Organization (2000) criteria, admitted to the hospital, were recruited, as were 290 of each age-and sex-matched asymptomatic P. falciparum-infected and healthy children. Controls were selected from a representative sample of 2,107 children from Tamale and the surrounding districts (37) . Clinical characteristics of severe malaria (38) and study design (39) have been described. Venous blood was collected into EDTA, stabilized, and DNA was extracted (AS1 and QIAmp, Qiagen, Hilden, Germany). Malaria parasites were counted on Giemsa-stained thick blood films (38, 39) , and P. falciparum was ascertained by specific PCR assays (40) . Severe malaria patients received artesunate (Plasmotrim, Mepha, Switzerland) for 5 days, at a dose of 5 mg͞kg body weight (double dose on the first day) and supportive care. Parasitemic control children were treated with sulfadoxine-pyrimethamine if parasite density exceeded 5,000͞l. The study was approved by the Ethics Committee, University for Development Studies, Tamale, and participants' parents gave informed written consent.
TLR-2, -4, and -9 Genotyping. The TLR-2 Arg677Trp and Arg753Gln variants were screened for by allele-specific PCR assays (23) and TLR4-Asp299Gly and -Thr399Ile as well as the TLR9 promoter polymorphisms T-1237C and T-1486C by realtime PCR assays (41) .
Search for New TLR-2 and -9 Polymorphisms. For assessing TLR-2 polymorphisms, primers used for DNA amplification were sense 5Ј-CTCGGTGTCGGAATGTCACAG-3Ј and antisense 5Ј-CTAGGACTTTATCGGAGCTCTC-3Ј spanning a region of the C-terminal 616 bp including the TLR2͞TIR domain (GenBank accession no. U88878). Similarly, the TLR9͞TIR domain region was amplified, applying primers 5Ј-CATGCTGCAT-CACCTCTGTG-3Ј and 5Ј-GTCAGGGCTCAGGATCACC-3Ј. Purified DNA was sequenced by applying the CEQ Dye Terminator Cycle Sequencing Quick Start Kit and analyzed on a CEQ 8000 Genetic Analysis System (Beckman Coulter). For investigation of functional relevance, the herein identified Leu658Pro TLR2 mutation was inserted into a plasmid for human TLR2 by using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene). Mutagenesis was performed with the primers sense 5Ј-TGGGTGGAGAACCCTATGGTCCAGGACC-3Ј and antisense 5Ј-GCTCC TGGACCATAGGGTTCTCCACCCA-3Ј. Successful insertion was controlled by DNA sequencing. Plasmids were isolated by applying the Invisorb Spin Plasmid Mini Kit (Invitek, Berlin). Human embryonic kidney 293 cells cultured on DMEM-medium (Gibco) supplemented with 10% FCS (Biochrom, Berlin) were transfected by using FuGENE 6 Transfection Reagent (Roche Molecular Biochemicals, Loerrach, Germany). Reporter genes RSV-␤-galactosidase and Elam-NF-B-luciferase were cotransfected. Cells were stimulated with synthetic bacterial lipoprotein analogue (Pam 3 Cys). As a positive control, wild-type TLR2 was transfected and tested in parallel.
Statistics. Frequencies and proportions were compared by 2 test, 2 test for trend, or Fisher exact test. Matched-pair analysis was done by the McNemar test, and odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. A P value Ͻ0.05 was considered statistically significant.
Results
The baseline characteristics of the 290 index patients with severe malaria are shown in Table 1 . Severe anemia (hemoglobin Ͻ5 g͞dl), prostration, and respiratory distress were the most common symptoms defining severe malaria. Impaired consciousness was comparatively rare. Of 285 severe malaria patients who could be followed, 11% died. In parasitemic control children, the geometric mean parasite density was 1,732͞l (95% CI, 1,385-2,166͞l). None of these children or of the healthy controls was febrile or exhibited clinical symptoms.
Because TLR-2 is the TLR most likely responsible for initiating innate immune responses to P. falciparum, we first screened for the common TLR-2 polymorphisms Arg753Gln and Arg677Trp. The former occurs at a frequency of Ϸ9-10% in Caucasians (23, 24) , whereas the latter has been found in Asians (27) and in a North African population (28) . To our surprise, both SNPs were completely absent in all cases and controls (data not shown). We next searched for new polymorphisms within the TIR domain of TLR-2 and sequenced this region in 100 randomly selected samples of each, severe malaria patients, and asymptomatically infected and healthy controls. In one child with severe malaria, we found a rare previously undescribed C to A mutation at base pair 2042 exchanging leucine against proline at residue 658. This mutation is located in a highly conserved region of the TLR-2 gene near the known SNP Arg677Trp (Fig. 1) . In a functional analysis, we overexpressed TLR-2 containing this Leu658Pro mutation in human embryonic kidney 293 cells and stimulated these with Pam 3 Cys, a known TLR-2 ligand. Overexpression of the mutated TLR-2 failed to enable the cells for stimulation, supporting the crucial functional role of this region of TLR-2 (Fig. 2) . Two recent reports suggested that TLR-9 is involved in innate immune responses during malaria (20, 21) . We thus also searched for polymorphisms within the TIR domain of TLR-9 and sequenced this region in 100 random samples of severe malaria patients and asymptomatically infected and healthy controls. No TLR-9 mutations were detected (data not shown). The TLR9 promoter variants T-1237C and T-1486C were observed in 68.4% and 53.0%, respectively, of all 870 children examined. Matched-pair analysis revealed no significant differences between cases and controls ( Table 2 ) and no associations with particular symptoms or fatality (data not shown). Yet, the allele frequency of TLR9 T-1486C was lower in parasitemic controls than in patients or healthy children ( Table 2) .
Next, frequencies of the TLR-4 SNPs Asp299Gly and Thr399Ile were assessed. We found TLR4-Asp299Gly in 21.5% of all individuals studied, which is higher than in all other studies reported before. TLR4-Thr399Ile, commonly cosegregating with the Asp299Gly SNP, was found in 4.3% of the individuals only (Table 3 ). All children exhibiting the Thr399Ile mutation also possessed the Asp299Gly variant and in 16% (19͞117) of children with the Asp299Gly variant, Thr399Ile was detected (P Ͻ 0.0001). For both mutations, the allele frequencies were highest in severe malaria patients, lower in parasitemic controls, and lowest in healthy children (Table 3; trend   2 test: Asp299Gly, P ϭ 0.06; Thr399Ile, P ϭ 0.02). Allele and genotype frequencies did not differ significantly between healthy and parasitemic controls or between parasitemic controls and patients. However, comparing healthy children and patients, the risk of severe malaria was increased 1.5-fold (OR, 1.45; 95% CI, 1.01-2.3) in children with TLR4-Asp299Gly and 2.6-fold (OR, 2.57; 95% CI, 1.1-6.0) in children with TLR4-Thr399Ile (Table 3) . Adjusting for hemoglobin AS and hemoglobin AC (39) by conditional logistic regression, these risk estimates improved slightly (Asp299Gly, OR, 1.53; 95% CI, 1.0-2.3; P ϭ 0.049; Thr399Ile, OR, 2.78; 95% CI, 1.1-7.4; P ϭ 0.04). In this model, ORs for severe malaria of children with TLR4-Asp299Gly alone and with both TLR4 Fig. 2 . Functional analysis of the Leu658Pro mutation within the TLR2͞TIR domain. The TLR2 mutation Leu658Pro was inserted into a plasmid for human TLR2. Human embryonic kidney 293 cells were then transfected with mutated as well as wild-type TLR2. Reporter genes RSV-␤-galactosidase and Elam-NF-B-luciferase were cotransfected. Cells were stimulated with synthetic bacterial lipoprotein analogue. As negative control, wild-type TLR2 was tested with medium alone. mutations were 1.33 (95% CI, 0.8-2.1; P ϭ 0.2) and 2.9 (1.1-7.6; P ϭ 0.04), respectively. In severe malaria patients, the frequency of the TLR-4 Asp299Gly SNP did not differ with the presence of particular symptoms; e.g., in children with severe anemia and in those with impaired consciousness, this polymorphism occurred in 24.4% and 23.2%, respectively. Grouping severe malaria patients into the two predominant syndromes, i.e., severe anemia without cerebral involvement (n ϭ 88) and cerebral involvement (impaired consciousness, prostration, and͞or convulsions) without severe anemia (n ϭ 114), these figures were 23.9% and 24.6% (P ϭ 0.9). In these two groups, TLR-4 Thr399Ile was seen in 4.5% and 7.0% (P ϭ 0.5). Correspondingly, in matched-pair analyses, no significant excess of any particular symptom defining severe malaria was discernible in children with TLR4 mutations. Within the group of severe malaria patients, the TLR4 polymorphisms did not correlate with hemoglobin, glucose, lactate, and parasite density (Table 4) . Fatality rates were 12.9% (28͞217) in TLR4 wild-type children, 8.0% (4͞50) in patients with TLR4-Asp299Gly alone, and 0% (0͞18) in children with both TLR4 mutations ( trend 2 test, P ϭ 0.07).
Discussion
The relevance of genetic host factors in malaria has been proposed as early as 50 years ago: The Haldane hypothesis stated that ␤-thalassemia provided protection against malaria and consequently was selected in endemic areas (42) . Strong interindividual variation in susceptibility to and manifestation of malaria is attributable to various host factors. In Sri Lanka, for instance, Ϸ15% of the variation in malarial infection has been explained by human genetics (43) . This portion may be larger in Africa, with its substantially higher burden of potentially fatal falciparum malaria. ''Classic'' protective factors include the sickle cell trait (HbAS) and other hemoglobin variants (39, 44, 45) , as well as glucose-6-phosphate dehydrogenase deficiency (46) . Most of these, e.g., the latter, are in a state of balanced polymorphism in malaria-endemic regions (47) . In Ghana, we have previously shown that HbAS, HbAC (39) , and ␣ ϩ -thalassemia (37) protect from severe malaria. In addition to these red blood cell variants, several polymorphisms of mediators of innate immune response have been shown to protect against, or alternatively predispose to, malaria, including mannose-binding lectin, inducible NO synthase, IFN receptors, TNF-␣, and CD36 (48) (49) (50) (51) .
Several lines of evidence support that the TLRs are involved in recognition of P. falciparum and in malaria pathogenesis. First, in 2001, MyD88, a central mediator of TLR-and IL-1 signaling, was found to be required for IL-12 induction in dendritic cells by Plasmodium berghei parasites (52) . Subsequently, TLR-2 has been shown to recognize protozoa (18) and to be a major receptor for P. falciparum GPI (19) . Immune responses brought about by GPI from Trypanozoma cruzi, the causative agent of Chagas disease, appear to be mediated by TLR-4 rather than TLR-2 (53). Recent results suggest that both TLR-2 and -4 are involved in the recognition of P. falciparum GPI (19) . Moreover, activation of dendritic cells by malaria schizonts was lately demonstrated to involve TLR-9 and to be caused by hemozoin (malaria pigment), a hydrophobic heme polymer formed during the parasite's degradation of red blood cell hemoglobin (20, 21) .
So far, few results, if any, have been reported on the frequencies of TLR-gene variants among sub-Saharan Africans or on associations with P. falciparum malaria in humans. Polymorphisms within the TLR-2͞TIR domain have previously been associated with various infectious diseases: Although Arg677Trp is not seen in Caucasians, allele frequencies of 47% have been observed in tuberculosis patients in northern Africa (28) . Arg753Gln occurs in up to 14% among European populations and inactivates TLR-2 signaling, as does an additional SNP, Pro631His (23, 24, 27) . Interestingly, these frequent TLR-2 polymorphisms are completely absent in this population from a malaria-endemic region. A recently described pseudogene (54) associated with Arg677Trp questions previous data and may explain why we could not find this SNP. However, it is surprising that the tuberculosis-related Arg753Gln SNP (25) was also not present, considering the high rates of that disease in the study area (55) . Yet, in a recent study in Sudan, the TLR-2 SNPs investigated here were also found to be completely absent (L.H., G. El Ghazali, H. El Turabi, I. El Khidir, and R.R.S., unpublished results). A potential disadvantage in tropical Africa, i.e., inactivated TLR2 signaling in response to P. falciparum, may outweigh a yet-to-be-defined advantage of the TLR-2 polymorphisms, explaining comparatively high frequencies in Europeans, Asians, and Northern Africans. Possibly, these TLR-2 variants are deleterious in malaria and have, therefore, been eliminated from populations in sub-Saharan Africa. The mutation found, Leu659Pro, impairs TLR-2 function in vitro but is too rare to be of epidemiological significance. TLR-9 appears to be involved in innate immune responses to hemozoin (20, 21) . In hemozoin-laden macrophages, increased TNF-␣ expression has been observed (56) , but the pigment may also contribute to immunosuppression (57), potentially depending on the location and degree of accumulation. In our study population, we failed to discover any variants in the TLR-9 TIR domain, pointing to a lack of selection by malaria. This appears to be the case also for the TLR-9 promoter polymorphism T-1237C, considering its equal distribution among severe malaria patients and controls. The functional roles of this promoter SNP and of T-1486C are unclear to date, but modified TRL-9 expression is conceivable. T-1486C was as frequent in patients as in healthy children but less common in P. falciparum-infected asymptomatic controls. The reason for this uneven distribution is unclear; however, it argues against a major role of T-1486C in severe pediatric malaria. Possibly, T-1486C, additional SNPs, and haplotypes (35) show a more clear impact in placental malaria, characterized by excessive localized accumulation of hemozoin. Respective investigations are currently underway in our laboratory.
The findings of the present study on TLRs and malaria in humans indicate that common TLR-4 mutations in African children increase the risk of severe malaria. This supports a recent in vitro study describing that, in addition to TLR-2, TLR-4 mediates innate immune responses to P. falciparum suggesting that TLR-4 is involved in the pathophysiology of malaria (19) . In analogy to bacterial infections, TLR-4 polymorphisms may reduce responsiveness to P. falciparum and to GPI in particular. Frequencies of TLR-4 variants were only slightly increased in parasitemic controls but significantly so in severe malaria patients. This argues against a major influence of the TLR-4 variants on susceptibility to P. falciparum infection but points to a critical role in disease progression.
Knowledge of the function of TLRs in malaria is still limited. TLRs are essential for initiating innate immune responses, which are important for early parasite control, but also may aggravate pathophysiology (2, 58) . In mice, vaccination with GPI protects against malaria-related acidosis, pulmonary edema, and cerebral symptoms, but not against parasitemic and severe anemia (3). Consequently, deficient GPI recognition and signaling via TLRs could predispose to specific symptoms, although we did not observe this. Reduced GPI responsiveness may cause severe malaria due to both inadequate innate responses at disease onset and insufficient stimulation of specific immunity during preceding infections. In addition, because TLR-4 may also recognize intrinsic mediators such as heat-shock proteins, which are strongly expressed in severe malaria (59), a variation in this reaction pattern is conceivable and may contribute to disease manifestation. Although statistically not significant, patients with TLR-4 variants revealed a rather low fatality, which might result from less excessive proinflammatory mediators contributing to death. One hypothesis is that TLR-4 variants indeed increase the risk of becoming parasitemic and developing malaria but at the same time may prevent progression to fatal disease. In that case, the extraordinary high frequency, particularly of TLR-4 Asp299Gly, could reflect natural selection due to protection not from malaria but from death due to malaria. Larger studies should verify this assumption.
As with other genetic host factors (49) , the role of TLR polymorphisms may vary with malaria endemicity, as does disease manifestation. The observed impact of TLR-4 variants on severe malaria among children from a highly endemic area thus needs to be verified in settings of differing malaria transmission and manifestation pattern. Moreover, bacteremic episodes can both complicate and mimic severe malaria (60) . In some children with TLR-4 mutations, the observed increased risk of severe malaria could partially reflect an elevated susceptibility to bacterial coinfection (reviewed in ref. 22 ). We cannot exclude such confounding but thorough clinical examination, and the rather low fatality rate in children with TLR-4 variants argues against a major respective influence.
Our findings may also have other implications. Morbidity and mortality of malaria are increasing in parts of sub-Saharan Africa (61) , and efficient control means are urgently needed. Considering signaling via TLR-4, a potential GPI-based vaccine (3) may be impaired in populations with high frequencies of TLR-4 variants. We lack conclusive arguments to explain the extraordinary high frequency of TLR-4 polymorphisms in this African population. In Sudan, a similar prevalence is observed (L.H., G. El Ghazali, H. El Turabi, I. El Khadir, and R.R.S., unpublished work), suggesting that a yet-unknown selective advantage could be involved. As mentioned, one potential benefit of the TLR-4 polymorphisms might consist in a reduced risk of fatality caused by malaria. Nevertheless, regarding vaccine strategies and TLR-2, presumably the major receptor for GPI-related signaling (19) , we failed to detect any of the common polymorphisms in several hundred African individuals.
Conclusion
Previously described TLR2͞TIR polymorphisms are absent and, thus, have no role in malaria susceptibility in the African population studied here. However, this does not mean that TLR-2 itself does not play an important role in initiating innate immune mechanisms in P. falciparum infection. Irrespective of the pending elucidation of the mechanisms involved, TLR4 polymorphisms, particularly the 399 SNP, predispose to severe malaria. This suggests that TLR-4 contributes to parasite recognition and host responses in vivo.
